Aims Pollinator landscapes, as determined by pollinator morphology/behaviour, can vary inter-or intraspecifically, imposing divergent selective pressures and leading to geographically divergent floral ecotypes. Assemblages of plants pollinated by the same pollinator ( pollinator guilds) should exhibit convergence of floral traits because they are exposed to similar selective pressures. Both convergence and the formation of pollination ecotypes should lead to matching of traits among plants and their pollinators. † Methods We examined 17 floral guild members pollinated in all or part of their range by Prosoeca longipennis, a longproboscid fly with geographic variation in tongue length. Attractive floral traits such as colour, and nectar properties were recorded in populations across the range of each species. The length of floral reproductive parts, a mechanical fit trait, was recorded in each population to assess possible correlation with the mouthparts of the local pollinator. A multiple regression analysis was used to determine whether pollinators or abiotic factors provided the best explanation for variation in floral traits, and pollinator shifts were recorded in extralimital guild member populations. † Key Results Nine of the 17 species were visited by alternative pollinator species in other parts of their ranges, and these displayed differences in mechanical fit and attractive traits, suggesting putative pollination ecotypes. Plants pollinated by P. longipennis were similar in colour throughout the pollinator range. Tube length of floral guild members co-varied with the proboscis length of P. longipennis. † Conclusions Pollinator shifts have resulted in geographically divergent pollinator ecotypes across the ranges of several guild members. However, within sites, unrelated plants pollinated by P. longipennis are similar in the length of their floral parts, most probably as a result of convergent evolution in response to pollinator morphology. Both of these lines of evidence suggest that pollinators play an important role in selecting for certain floral traits.
INTRODUCTION
The interaction between floral phenotype and morphology or behavioural preferences of pollinators can have a profound effect on plant fitness (Nilsson, 1988; Schemske and Bradshaw, 1999) . Variation in certain aspects of floral morphology, including colour or fragrance, may affect the attractiveness of a flower to a pollinator Peter and Johnson, 2014) , and these are often termed 'attractive traits' (e.g. Ashman and Morgan, 2003) . Other morphological traits such as perianth tube/spur length are unlikely to affect the attractiveness of flowers to pollinators, but instead influence the efficiency of pollen deposition or receipt through the fit between floral and pollinator morphology (Nilsson, 1988; Johnson and Steiner, 1997; Alexandersson and Johnson, 2002; Pauw, 2006; Muchhala, 2007; Anderson et al., 2010a; Boberg et al., 2014) . Such traits are frequently called 'mechanical fit' traits (e.g. Muchhala, 2007) . The morphological and behavioural influence of pollinators on floral traits frequently results in close matching between plant and pollinator traits (Anderson et al., 2010b) . The adaptive matching of plant and pollinator traits can generate divergent as well as convergent patterns of trait evolution. Divergent patterns of trait evolution occur when geographic differences in pollinator morphology or behaviour influence the direction and intensity of selection on plant traits. This drives the evolution of divergent floral morphologies, often identified as pollination ecotypes (Grant and Grant, 1965; Stebbins, 1970) . Classically, ecotypic divergence occurs when a plant species is pollinated by morphologically or behaviourally different pollinators in different parts of its range (e.g. Grant and Grant, 1965; Robertson and Wyatt, 1990; Arroyo and Dafni, 1995; Johnson, 1997; Johnson and Steiner, 1997; Perez-Barrales et al., 2007; Anderson et al., 2010a; Boberg et al., 2014; Forest et al., 2014; Sun et al., 2014; Peter and Johnson, 2014; van der Niet et al., 2014) . A natural extension to this 'pollinator-shift' or 'Grant-Stebbins' model of divergence (as described by Johnson, 2010 ) is the recognition of pollinator ecotypes which do not require pollinator shifts (Johnson, 2010; Ellis and Anderson, 2012) . Examples of these often involve floral adaptations to intraspecific variation in the body parts of pollinators that are used to acquire rewards (e.g. Steiner and Whitehead, 1990; Johnson and Steiner, 1997; Johnson, 2008, 2009; Pauw et al., 2009; Cosacov et al., 2014) or access oviposition sites (e.g. Thompson et al., 2013) . These studies suggest that ecotypic divergence could be founded on reciprocal adaptations (i.e. coevolution) between plants and pollinators (e.g. Johnson, 2008, 2009; Pauw et al., 2009; Thompson et al., 2013) , as well as through unilateral evolution, in which only the plant adapts to the pollinator and not vice versa (Anderson and Johnson, 2009; Boberg et al., 2014) .
Floral traits such as colour, scent or shape may converge among assemblages of plants due to selection imposed by a common pollinator. These groups of frequently unrelated, but similar looking flowers with a common pollinator are called 'pollinator guilds' (Fenster et al., 2004) . While it is tempting to think of the traits associated with guilds as being geographically homogenous, the morphology of some pollinators is known to be geographically variable and there are consequently examples of plant guilds in which traits that vary greatly between sites nevertheless converge within sites in response to selection from a geographically variable pollinator (Anderson and Johnson, 2009; Pauw et al., 2009) .
One problem with trait-matching studies is that it is often difficult to distinguish the causes of the observed patterns (Nuismer, 2010) . For example, trait matching could result from adaptation of a plant to a pollinator, adaptation of a pollinator to a plant, or a combination of the two. However, multiple studies show that the precision of the fit between pollinator mouthparts and floral tubes has a strong effect on plant fitness, suggesting that tube length is often an adaptive trait (e.g. Nilsson, 1998; Alexandersson and Johnson, 2002; Muchhala and Thomson, 2009; Pauw et al., 2009 ). This does not negate the possibility that pollinator mouthparts may be simultaneously adapting to floral parts (e.g. Pauw et al., 2009) . Alternatively, the matching of pollinator and floral parts may also be a result of abiotic factors that affect both interacting species similarly. Hence altitude and latitude are sometimes used as surrogates of the abiotic environment to determine whether they have an effect on the trait variation of interacting species (e.g. Anderson and Johnson, 2008; Toju et al., 2011) .
Here, we study a recently discovered guild of plants that are pollinated throughout, or in parts of, their range by the longproboscid Nemestrinid fly Prosoeca longipennis. Our observations suggest that, like several other long-proboscid flies, P. longipennis displays geographic variation in proboscis length. The floral members belonging to the P. longipennis pollination guild have been characterized as having deep corolla tubes, no odour discernible to humans, and a cream, salmon or pink perianth contrastingly marked with red streaks or spots (Manning and Goldblatt, 1995; Goldblatt and Manning, 2000a) . The P. longipennis guild is separated from most other morphologically similar long-proboscid fly pollination guilds by flowering in the Austral autumn months rather than in the spring or summer, when most other longproboscid fly-pollinated plants are in flower. Manning and Goldblatt (1995) identified five species of plants as actually or putatively visited by P. longipennis at two sites. Here we report on several additional P. longipennis sites and add substantially to the guild of plants pollinated by this species. We measured floral and pollinator traits at each site to determine whether they are geographically variable and used multiple regression to identify the factors associated with variation in floral traits. We predict that (1) pollinator mouthpart lengths and associated floral traits (e.g. tube length) will be closely matched as a result of adaptation to the local pollinator morphology and (2) this should manifest itself as strongly correlated patterns of geographic covariation between pollinator and plant morphology, and that the best explanatory variable for variation in plant morphology should be the morphology of the pollinator.
MATERIALS AND METHODS

Study species and sites
Prosoeca longipennis Loew. (Nemestrinidae) is a large species of long-proboscid fly (Fig. 1 ) that forages most actively from morning to early afternoon between 0800 and 1300 h, depending on the weather. To investigate trait covariation between P. longipennis flies and flowers, flies and floral guild members were studied across 14 different study sites in the Western and Eastern Cape provinces of South Africa (Fig. 2) . The range of the fly extends across fynbos and grassland biomes, with the bulk of the known range in the fynbos biome. The fynbos biome is characterized climatologically by winter or aseasonal rainfall and ecologically by very high floral diversity within a relatively small number of locally diverse families, including Proteaceae, Orchidaceae, Iridaceae and Ericaceae (Goldblatt and Manning, 2000b) . A small part of the eastern range of P. longipennis falls within temperate grassland, characterized by summer rainfall and a high diversity of geophytes. The vegetation of both of these biomes is fire adapted.
Prior to this and two other recent studies (De Merxem et al., 2009; Ros et al., 2011) , P. longipennis had been positively identified from only a few populations. Over 10 years (2004 -2013) we increased the number of known populations to 14 by visiting localities with autumn (February -March) flowers that fitted the preliminary guild description of Manning and Goldblatt (1995) .
Pollination guild: species composition and distribution
We aimed to identify as many plant taxa as possible that are consistently visited by P. longipennis in at least part of their range, thus enabling us to describe the guild more fully. Plants pollinated by more than one functionally different pollinator within a site were not included as guild members. At each site we identified local flower species visited by the fly through direct observation. Pollination by P. longipennis was confirmed by observing the fly visiting a particular flower and making contact with the reproductive parts of that flower.
Measurements of morphological traits
At each site, specimens of P. longipennis were caught by net and killed either by lethal injection of absolute ethanol using a diabetic syringe or by gassing with potassium cyanide fumes. The average functional proboscis length, i.e. the maximum length that an individual fly can extend its proboscis, of between one and seven flies (see Supplementary Data Table S1 ) per population was measured using digital calipers (methods outlined in Anderson et al., 2005) .
For each plant species, we attempted to quantify the traits that were putatively adapted to fly proboscis length or to which fly proboscis length could be adapted. Most long-proboscid fly guild members have long, slender perianth tubes or spurs that accommodate the flies' proboscis from tip to head (Goldblatt and Manning, 2000a) . Pollen placement on the fly is determined by the position of the anthers in relation to the mouth of the nectar tube or spur. In most species, the anthers are situated near to the mouth of the tube. To quantify the portion of the flower that is putatively adapted to proboscis length, we measured only the part of the flower that accommodates the proboscis. This measurement was from the site of nectar secretion (usually the top of the ovary in epipetalous species) to the top of the nectar tube. The top of the nectar tube was judged to be the position where the width of the nectar tube widened rapidly/or opened completely, a point that corresponds to the base of the tepals or petals in gamopetalous species and to the point at which the petals spread in polypetalous species. From seven to 70 individuals per species were measured in this manner (see Supplementary Data Table S2 for replication details of each species). Nerine humilis (Jaqu.) Herbert (Amaryllidaceae) is unusual in this guild as it lacks a perianth tube. Instead the highly elongated filaments and style are located such that the anthers and stigmas make contact with the fly precisely on its abdomen. The measurement that corresponds to fly proboscis length in N. humilis is the total length of the stigma -nectary distance, minus the total body length of the fly [see Anderson and Johnson (2009) for details and explanations of this]. Measurements of N. humilis were taken only when flowers were in female phase, after the stigma has curved into the mature position, occupying the place where the anthers were previously presented.
Nectar volume and concentration were measured in 10-25 flowers per species at each locality (one flower per randomly chosen inflorescence) using a 1 -5 mL graduated micropipette (Drummond Scientific Company, Broomall, PA, USA) and a 0 -50 % Bellingham -Stanley refractometer (Bellingham and Stanley, Tunbridge Wells, UK) measured in the afternoon. Nectar volumes that were too small to be measured individually were combined and averaged over several individuals. Replication details can be found in Table 1 . Total range and flowering time for each plant species are from Goldblatt and Manning (2000b) .
The principal attractive surface (the dominant colour of the flower) of floral guild members was objectively assessed using a spectrometer (Dunedin, Florida), measured across the range of 300-700 nm, and averaged from five samples from different individuals. Although multiple guild members were assessed in this manner, we present only a single example from each plant family. Samples were chosen to represent species that appeared to be most different in colour to the human eye, thus capturing a wide range of the colour variation utilized by P. longipennis. In addition to using spectral reflectance to visualize colour differences, we evaluated floral colour for each species in each population as visualized by the eyes of the primary author (E.N.). These differences included the dominant colour of the flower as well as the colour of nectar guides when present.
Pollination ecotypes (shifts)
We investigated the existence of ecotypes in instances where the published literature suggested other pollinators in extralimital populations or in instances where floral characteristics of guild Tables S3 and S4 ). In these cases, data on floral morphology were collected directly from the field. Differences in tube length among populations pollinated by different pollinators were assessed using an independent samples t-test. In instances where more than one P. longipennispollinated population was known, measurements were pooled from all known P. longipennis populations as a comparison with the putative extralimital ecotypic population. The sources and replication details of the ecotype data are provided in Supplementary Data Tables S2 and S3 .
Analysis of covarying traits and population-level trait convergence
To determine possible covariance between pollinator and plant morphology, we performed an ordinary least squares (OLS) regression analysis based on mean fly proboscis length at each site and the grand mean (mean of means) of all P. longipennis-pollinated flowers within a site. In addition, we ran a multiple regression on the floral grand mean at each site using altitude, latitude and fly tongue length as predictive variables in order to determine if surrogates for the abiotic environment might also influence floral variation. To investigate whether floral tube length was a predictor of fly tongue length, we performed a similar analysis using the grand means of rewarding flowers at each site as well as altitude and latitude as predictive variables.
Multiple regressions assume that data points used within the regression are independent of each other. However, if morphology is structured by gene flow or common descent, then populations with similar tube lengths will not be independent of one another. Since gene flow and relatedness are often closely associated with geographic proximity (isolation by distance), the independence of data points can be tested by correlating pairwise geographic differences between populations with pairwise morphological differences between populations (see Anderson and Johnson, 2008) . If a non-significant relationship exists, then trait values in each population are probably influenced by local adaptation. To test for the independence of sites, we used a Mantel test (1000 permutations) in NTSYS (Rohlf, 2000) of pairwise proboscis length differences vs. pairwise differences in geographic proximity. All statistical analysis, other than Mantel tests, were computed in SPSS v. 20 . 0 (IBM Inc.).
RESULTS
The Prosoeca longipennis pollination syndrome Seventeen plant species from four different families were pollinated by P. longipennis at one or more sites (Table 1) . Some of these plants were also occasionally visited by other functionally identical species of Prosoeca with very similar proboscis lengths to P. longipennis. To the human eye, flowers pollinated by P. longipennis are typically white, cream or pink in colour, with a single pale blue species (Wahlenbergia guthrie; Figs 3 and 4). Nectar guides among guild members were predominantly various shades of purple to red (Fig. 3) . Gladiolus martleyi was exceptional in having yellow and red nectar guides (Fig. 3) . Despite apparent visual differences to the human eye (Figs 3 and 4) , all species including W. guthrie have a strong reflectance peak in the range 350-450 nm (Fig. 5) . Nectar volume was highly variable within the guild (between 0 . 98 and 7 . 93 mL), as was sugar concentration (between 13 . 39 and 35 . 24 %) ( Table 1) . None of the species was evidently fragrant to the human nose. Flowering of guild members throughout their ranges has been recorded from November to June, although P. longipennis has only been recorded on the wing from late February to May. In addition, the range of the fly tends to be very patchy and does not correspond closely with the ranges of many guild members.
Pollination ecotypes
Nine of the 17 species pollinated by P. longipennis are visited by species other than P. longipennis in different parts of their geographic range. We recorded birds and several insect orders, including Diptera, Hymenoptera and Lepidoptera, as additional vistors to guild members. Eight of the nine plant species display morphological differences in tube length that correspond to different pollinators, while four of those nine species also show colour variation associated with different pollinators (Table 2) . In summary, around half of the 17 species that we identified as belonging to the P. longipennis guild show evidence of the existence of pollination ecotypes.
Covariation and convergence
The floral tube length of all guild members at each site (grand mean) correlated strongly with the average proboscis length of the corresponding local flies (R 2 ¼ 0 . 71, F ¼ 33 . 37, P , 0 . 0001; Figs 6 and 7) . The multiple regression model explaining proboscis length variation was significant (R 2 ¼ 0 . 67, F ¼ 9 . 79, P , 0 . 003; Table 3), with tube length as the only significant predictive variable (b ¼ 0 . 1, P ¼ 0 . 001). The multiple regression model explaining tube length was also significant (R 2 ¼ 0 . 78, F ¼ 16 . 45, P , 0 . 0001) and, similarly, the only significant predictive variable was proboscis length (b ¼ 0 . 66, P ¼ 0 . 001), with latitude and altitude as non-significant explanatory variables. Mantel tests revealed that pairwise differences in mean proboscis length (Mantel r ¼ -0 . 29; P . 0 . 72) were not significantly structured by geographical distance.
DISCUSSION Prosoeca longipennis guild characteristics
Our data support the existence of a guild of autumn-flowering plants pollinated almost exclusively by the Nemestrinid fly P. longipennis in parts of their range (occasionally in conjunction with other functionally equivalent long-proboscid flies). We have identified 17 plant species from four different families (Amaryllidaceae, Iridaceae, Campanulaceae and Geraniaceae) as members of this guild (Table 1) . Although Protea punctata Meisn. (Proteaceae) also has traits that fit the P. longipennis syndrome, we hesitate to include it in this guild because it is also visited frequently by the functionally different butterfly pollinator Aeropetes tulbaghia in the same populations where P. longipennis appears to be an important pollinator .
Flowers belonging to the guild have similar traits to species in other South African long-proboscid fly pollination guilds, notably pale coloration with dark nectar guides, long nectar tubes and lack of evident floral fragrance. Prosoeca longipennis pollination guild members have a strong spectral peak between 350 and 450 nm, appearing pink, peach or white to the human eye (Figs 3 and 5) . These flowers are similar in colour to guild members of both the Moegistorhynchus -Philoliche guild from western South Africa (Goldblatt and Manning, 2000a) flowered Wahlenbergia guthrie is unusual among the pink and white guild members (see Fig. 4 ). Significantly, however, the reflectance spectrum and spectral peak (approx. 430 nm) of this species are very similar to those of other guild members, suggesting that peaks at this wavelength may be important in attracting P. longipennis (Fig. 5) . Other long-proboscid fly guilds with predominantly pink colouring also include occasional blue members, for example the bright blue Nivenia stenosiphon in the predominantly white -pink P. ganglbaueri guild (Goldblatt and Manning, 2000) and blue Agapanthus campanulatus in the predominantly pink Philoliche aethiopica guild (Jersakova et al., 2012) . Although the presence of blue flowers in these guilds may appear out of place to the human visual system, Jersakova et al. (2012) demonstrated that the long-proboscid Tabanid fly Philoliche aethiopica was unable to distinguish between blue and pink acetate model inflorescences. Like the flowers of many other long-proboscid fly pollination guilds, all but two species pollinated by P. longipennis have nectar guides. The presence of nectar guides is known to increase visitation rates of long-proboscid flies substantially at short distances (Hansen et al., 2012) but has no effect on long-distance attraction of flies. This link between fly foraging behaviour and nectar guides on floral fitness is presumably similar in the P. longipennis guild.
Although the similarities in floral colour and markings suggest that flowers have converged on colour preferences of P. longipennis, it is also possible that flower colour and the presence of nectar guides is simply a conserved ancestral trait in some taxa. For example, many members of the genus Nerine and Pelargonium have peach, pink or white flowers, suggesting that this trait is frequently not a response to selection specifically by P. longipennis. However, putative ecotypes frequently display differences in floral colour ( Table 2 ), suggesting that pollinators do select for floral colour. For example, bird-pollinated populations of Tritoniopsis antholyza are red whereas fly-pollinated T. antholyza populations are cerise pink. While these colour shifts suggest pollinator selection on floral colour, it is impossible to determine the direction of those shifts without an accurate phylogeny (e.g. Valente et al., 2012) . Furthermore, selection experiments or reciprocal translocation experiments are needed to show that such traits are indeed locally adapted (e.g. Newman et al., 2012) .
The nectar concentrations and volumes of P. longipennis guild members fall within the range of those of other long-proboscid fly-pollinated plants in South Africa (see Goldblatt and Manning, 2000a) as well as plants pollinated by large-bodied Hymenoptera (Goldblatt et al., 1998; Goldblatt and Manning, 2001) . The variability of these traits suggests that nectar characteristics are not strongly selected on by P. longipennis. The lack of discernible floral scent in P. longipennis floral guild members is characteristic of other South African long-proboscid fly pollination guilds (Goldblatt and Manning, 2000a) .
The diagnostic feature of the P. longipennis guild is that many of the plants reach their flowering peaks in the autumn months, when relatively few other flowering plants are in bloom. For some guild members at least, flowering time appears to be conserved. For example, most members of Western Cape Amaryllidaceae (including Nerine and Cyrtanthus) as well as the Iridaceae genus Tritoniopsis flower in the autumn months. In such cases, autumn flowering is unlikely to be a specific adaptation to P. longipennis pollination but is likely to have been an important trait, or pre-adaptation, that facilitated entry into the guild.
Based on distribution, autumn flowering, lack of scent, long tube lengths and perianth colour, we predict that several other Watsonia species are likely to be visited regularly by P. longipennis, notably W. galpinii. While Brunsvigia striata is visited by carpenter bees in parts of its range (see photograph in Vlok and Schutte-Vlok, 2010) , this species may also be visited by P. longipennis in parts of its range, potentially forming ecotypes. We also predict that the autumn-flowering Gladiolus dolichosiphon, endemic to the Little Karoo, is pollinated primarily or exlusively by P. longipennis.
Ecotypes through pollinator shifts
The high number of morphologically divergent pollination ecotypes in this study system provides evidence suggesting that variation in floral morphology frequently reflects adaptation to local pollinators. Eight of the nine plants with alternative pollinators outside of the P. longipennis range exhibited ecotypic variation associated with tube length, perianth colour or both. For example (Table 2) , plants of Pelargonium dipetalum from localities where P. longipennis occurs have long nectar tubes (mean + s.e. ¼ 69 . 47 + 2 . 29 mm) with cream to white flowers, whereas extralimital populations have pink flower with short nectar tubes (mean + s.e. ¼ 11 . 58 + 0 . 52 mm) that attract an array of smaller, short-proboscid insect pollinators (Manning and Goldblatt, 1995) .
The importance of pollinator shifts in generating morphological and genetic variation has also been suggested in other long-proboscid fly guilds. Thus, in the Moegistorhynchus longirostris pollination guild, pollinator shifts have been identified in two different plant groups (Johnson and Steiner, 1997; Pauw et al., 2009) . Within the Disa draconis (Orchidaceae) complex and in Lapeirousia anceps (Iridaceae), shifts between shorter proboscid Tabanid flies and Nemistrinid flies with relatively longer probscides have generated putative ecotypes that match the distributions of their pollinators. Selection on floral tube length was also demonstrated through artificial manipulations on orchid spur length (Johnson and Steiner, 1997) as well as by calculating selection gradients in response to pollinators with variable proboscis lengths (Pauw et al., 2009) . Selection of floral tube length on fly proboscis length also suggests that these are coevolving (Pauw et al., 2009.) The existence of a near-complete phylogeny (see Valente et al., 2012) for the genus Gladiolus enables us to draw some conclusions about how pollination by P. longipennis originated in guild members of this genus. Gladiolus is exceptionally well represented in long-proboscid fly systems (Goldblatt and Manning, 2000a) , and all four species identified in our study are included in the Valente et al. (2012) phylogeny. These four species, G. martleyi, G. oppositiflorus, G. engysiphon and G. bilineatus, are located in very different parts of the phylogeny, and entry into the P. longipennis pollination guild seems to have taken place independently at least three times, with only G. martleyi and G. engysiphon members of a common clade. Unfortunately, the relationships within the major clades (which support multiple pollination modes) are typically unresolved and so in most cases it is difficult to determine the ancestral states of species pollinated by P. longipennis. Bee pollination is evidently ancestral in most major Gladiolus clades, and Valente et al. (2012) identified G. martleyi as being bee pollinated. The longer tubed individuals of this species that were studied by us were exclusively pollinated by long-proboscid flies. Significantly all G. martleyi flowers (including the Reproductive traits for Nerine humilis lacks a long floral tube, consisting only of extended anthers and stigmas.
Significant differences in tube length traits are indicated by asterisks: *P , 0 . 05; **P ,
.
001; ***P ,
0001.
Refer to abbreviations in Table 1 on the ranges of the different ecotypes, and the summary of pooled tube length data for P. longipennis guild members from Supplementary Data Table S2 .
long-proboscid fly-pollinated population) have yellow nectar guides, which is very common among bee-pollinated Gladiolus species, but not long-proboscid fly-pollinated Gladiolus species (Goldblatt et al., 1998) . Furthermore, the colour of nectar guides in all other P. longipennis-pollinated flowers was reddish. Although longer than in other G. martleyi populations, the floral tubes in the study population were still much shorter than the proboscides of the visiting flies and appear as an outlier in Fig. 6 . These lines of evidence suggest a recent shift from bee pollination to pollination by P. longipennis in this population of G. martleyi, with incomplete adaptation in tube length and perianth markings. The other extreme outlier in this study, G. bilineatus, has a tube which is substantially longer than the tongue of its pollinator. Mismatches in this direction in pollination mutualisms probably reflect an asymmetry in the selection pressures acting on floral vs. pollinator traits (Anderson et al., 2010b) .
Fine-scale geographic trait covariation in the P. longipennis guild
The similarity in tube length among guild members within a site, as well as the strong correlation between mean proboscis length of the fly pollinators and the grand mean of the guild members per site, suggest that adaptation is taking place at fine geographic scales (Table 3 ; Figs 6 and 7). Similar patterns of trait covariation have also been observed in other pollination mutualisms where plants are probed by pollinators with long legs or proboscides (Steiner and Whitehead, 1990; Johnson, 2008, 2009; Pauw et al., 2009; Cosacov et al., 2014) . These observations suggest that close trait matching between pollinators and plants may be a common and general trend (as suggested by Anderson et al., 2010b) . Close matching between traits is expected in mutualisms because traits in such relationships tend to converge in order to maximize the mutual gains of the interaction (Thompson, 2013) . In theoretical contrast, strong trait matching is not expected as the norm in antagonistic relationships because one organism by definition should be evolving mechanisms to avoid the interaction through the mismatching of traits (Thompson, 2013) . While there are not yet enough empirical studies to support the idea of general differences in the strengths of trait matching between mutualism and antagonism, the only study that attempts to make a comparison finds little difference between the two kinds of interaction (Anderson et al., 2010b Several selection studies show that in other similar systems, elongated floral traits are an adaptive response to the elongated traits of their pollinators (Nilsson, 1988; Johnson and Steiner, 1997; Johnson, 2008, 2009; Pauw et al., 2009) . We therefore consider it likely that tube length variation among the P. longipennis guild members represents similar adaptations to the geographic variation of pollinator proboscis length. What is not clear is whether tube length variation is the result of reciprocal adaptation (i.e. coevolution), as has been demonstrated in a very similar long-proboscid fly system by Pauw et al. (2009) . This study, and the fact that long-tubed flowers form the only food source for these flies, suggests that long-tubed flowers may also select on proboscis length and that in many instances, tube lengths of entire guilds and fly tongue lengths have probably coevolved (as suggested by Anderson and Johnson, 2009; Pauw et al., 2009 ).
An alternative to coevolution is that exaggerated floral traits in the P. longipennis pollination guild evolve through one-sided or unilateral evolution in which the flowers adapt to the flies but not vice versa. For example, a plant species such as N. humilis is unlikely to select strongly on fly proboscis length because it lacks a nectar tube and is therefore unable to exert selective pressure on the mouthparts of the flies to match or exceed the reproductive parts of this species since the nectar is equally accessible to insects with very short mouthparts. In an example of Batesian mimicry, Anderson et al. (2005) and Anderson and Johnson (2009) also showed unilateral selection operating on the spur length of a nectarless mimetic orchid pollinated by a closely related long-proboscid fly Prosoeca ganglebauri.
Conclusions
We conclude that pollinators play an important role in driving both the divergence and convergence of floral traits through plant adaptations to pollinator morphology. The role of pollinators in driving floral evolution may be especially important in systems such as this one, in which plants are specialized for one or two functionally identical pollinators at a site. We predict that close morphological matches between specialized plants and their pollinators is the norm and that significant trait correlations will be evident when pollinators are geographically variable. Strong correlations between pollinator and plant traits bear testimony to the power of floral morphology in predicting the morphological features of pollinators and vice versa, lending support to the concept of pollination syndromes (the idea that plants pollinated by a common pollinator should share trait similarities).
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table. S1: mean proboscis lengths with standard errors and sample sizes (n) of P. longipennis, including latitude, longitude and altitude from each locality. Table S2 : average tube lengths with standard errors, including the numbers of individuals sampled to generate these averages. Table S3 : sample sizes of pollination ecotype flower measurements from the field as well as measurements from herbarium specimens. Table S4 : pollinator observations of putative floral ecotypes outside the range of P. longipennis. 
